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Abstract The spatiotemporal distributions of hypocenters and temporal change in seismicity patterns
were investigated in details for events in the Yamagata-Fukushima border earthquake swarm, which
was a remotely triggered earthquake sequence by the 2011 Tohoku-Oki earthquake. We relocated the
hypocenters by applying the double-difference location method to differential arrival time data obtained
by waveform cross correlations together with the Japan Meteorological Agency catalogue data. The
hypocenter distribution obtained clearly shows that the hypocenters are concentrated on several discrete
planes and migrate along those planes from deeper to shallower levels instead of diffusing isotropically.
Most of the events have nodal planes of focal mechanisms parallel to those discrete planes, suggesting
that ruptures of individual events occurred along those macroscopic planes. The timing of earthquake
occurrences is almost random during the initial ~50 days, but it gradually becomes temporally clustered in
later periods, with the number of events decaying aftershock-like after relatively large events. These
observations suggest that the present swarm is caused by a reduction in frictional strength due to the
increased pore pressure of ﬂuids rising from greater depths in response to the decrease in arc-normal
compressional stress associated with the Tohoku-Oki earthquake. The ﬂuids permeated into several
existing planes, reduced frictional strengths, caused the present earthquake swarm, and migrated upward
along the planes with the hypocenters. Our previous observations that stress drops are systematically
low and b-values are high during the initial ~50 days can be readily explained if the pore pressure is
especially high during that period.
1. Introduction
An earthquake occurs when shear stress acting on a plane exceeds the frictional strength of the plane. Based
on this deﬁnition, we can consider two causes for earthquake occurrences: increases in shear stress and
decreases in frictional strength (e.g., Hainzl & Fischer, 2002). Therefore, to understand the earthquake genera-
tion mechanism, it is important to grasp not only the evolution of stress but also the behavior of the ﬂuids
that affect fault strength. Since an individual earthquake is caused by an increase in stress and/or a reduction
in strength, we might expect that the seismicity pattern is also affected by the evolution of stress and pore
pressure in the focal area (Hainzl & Ogata, 2005; Llenos et al., 2009; Llenos & Michael, 2013; Roland &
McGuire, 2009).
Two typical forms of spatially and temporally clustered seismicity exist: mainshock-aftershock sequences and
earthquake swarms. It has been suggested that a reduction in frictional strength due to elevated pore
pressure plays an important role in earthquake generation (e.g., Hasegawa, 2017; Hubbert & Rubey, 1959;
Miller, 2013; Nur & Booker, 1972; Rice, 1992; Sibson, 1992), both for mainshock-aftershock sequences (e.g.,
Nur & Booker, 1972) and for earthquake swarms (Nur, 1974; Parotidis et al., 2005; Yamashita, 1999).
Mainshock-aftershock sequences are characterized by the decay of seismicity rate in proportion to the reci-
procal of time (Omori law), and events are often assumed to be triggered by static stress changes from the
mainshock (e.g., King et al., 1994) and other preceding earthquakes (Ogata, 1988). On the other hand, earth-
quake swarms are often assumed to be caused by aseismic processes, such as aseismic slip (Chen et al., 2012;
Roland &McGuire, 2009; Vidale & Shearer, 2006) or ﬂuid migration (e.g., Hainzl & Ogata, 2005). Swarms do not
usually exhibit the seismicity rate decay in a manner in line with the Omori law, and no law comparable to the
Omori law for mainshock-aftershock sequences is known for swarms.
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Fluid-injection-induced-seismicity can be understood to be caused by a
reduction in frictional strength due to elevated pore pressure. These
events are regarded fundamentally as being no different from natural
earthquakes (e.g., Cox, 2016; Hill, 1977; Sibson, 1996). In contrast, the
occurrence of at least some earthquake swarms can be explained by a
mechanism similar to ﬂuid-injection-induced-seismicity, that is, the reduc-
tion in frictional strength due to migrating ﬂuids. The migration behavior of
hypocenters, which is frequently seen in earthquake swarms, might provide
valuable information on the behavior of ﬂuids within the crust. Since the
migration behavior is similar to that observed in ﬂuid-injection-induced-
seismicity (e.g., Julian et al., 2010; Parotidis et al., 2005), those earthquake
swarms are interpreted as being associated with pore pressure diffusion
(e.g., Shapiro et al., 1997). We would expect to obtain some information on
ﬂuid behavior and ﬂuid transport properties in the crust by examining the
migrating swarms in detail. Aseismic slip is another candidate for the cause
of earthquake swarms and hypocenter migration (Ando & Imanishi, 2012;
Chen et al., 2012; Kato et al., 2012; Lohman & McGuire, 2007; Nishikawa &
Ide, 2017; Segall et al., 2006; Takada & Furuya, 2010; Vidale et al., 2006). Such
aseismic slip might contribute to earthquake generation in association with
ﬂuids (Hainzl, 2004; Ross et al., 2017; Waite & Smith, 2002).
The 2011 M9 Tohoku-Oki earthquake induced many earthquakes around
its source area (Asano et al., 2011; Enescu et al., 2012; Ishibe et al., 2011;
Kato et al., 2013; Lengliné et al., 2012; Miyazawa, 2011; Okada et al.,
2011; Shimojo et al., 2014; Toda et al., 2011; Yukutake et al., 2011;
Yukutake et al., 2013). A great number of aftershocks took place even in
inland Japan, which is densely covered by a nationwide seismic network
with short-period and broadband seismographs, called the Kiban
Network. This provides a unique opportunity to study the mechanism of
remote aftershock triggering. Previous studies revealed that migrating
earthquake swarms are included in those aftershocks (Kosuga, 2014;
Okada et al., 2015; Yoshida, Hasegawa, & Yoshida, 2016; Yoshida et al.,
2017; Yoshida & Hasegawa, 2018). The Yamagata-Fukushima border earth-
quake swarm in the inland area of NE Japan, which was triggered seven
days after the Tohoku-Oki earthquake, is the most remarkable example.
A total of 28,214 earthquakes were detected by the Japan Meteorological Agency (JMA) during an 800-day per-
iod following the Tohoku-Oki earthquake (Figures 1, 2, and S1). The source area of this swarm is located just
beneath a caldera structure, where it is believed that shallow igneous bodies with hydrothermal ﬂuids exist
(Yoshida et al., 2005). This swarm activity is characterized by reverse-fault focal mechanisms with the P axis
oriented EW or WNW-ESE, despite the reduction in the EW or WNW-ESE compressional stress caused by the
earthquake’s static stress change (Yoshida et al., 2012), as shown in Figure 1. Previous studies (Okada et al.,
2015; Terakawa et al., 2013; Yoshida, Hasegawa, & Yoshida, 2016; Yoshida et al., 2017) suggested that this swarm
was generated in response to an increase in pore pressure due to ﬂuids rising from below, which was caused by
the decrease in the EW compressional stress associated with the Tohoku-Oki earthquake.
We expect pore pressure changes during ﬂuid diffusion in this earthquake swarm. In fact, temporal variations
in frictional strengths, stress drops, and b-values were reported in the source area of this swarm, which can be
explained by the pore pressure change (Yoshida, Hasegawa, & Yoshida, 2016; Yoshida et al., 2017). The hypo-
centers listed in the JMA uniﬁed catalogue (Figures 2a and 3) or even those relocated by Okada et al. (2015)
are somewhat scattered and show a cloud-like spatial distribution. Such a spatial distribution suggests that
the ﬂuids that triggered the present swarm diffused isotropically in the crust rather than by moving along
some macroscopic planar structures, similar to some seismicity caused by ﬂuid-injection-induced seismicity
(e.g., Rothert & Shapiro, 2003; Shapiro et al., 2005). However, it is possible that this cloud-like distribution is
simply a result of the error in the hypocenter determinations, such as those demonstrated in the focal areas
of the 2003 M6.3 Northern Miyagi Prefecture earthquake (Umino et al., 2003; Yoshida, Hasegawa, & Okada,
Figure 1. Map showing the location of the study region. The study area is
indicated by the red rectangle. The yellow star and dotted contours show
the hypocenter and coseismic slip distribution of the 2011 Tohoku-Oki
earthquake (Iinuma et al., 2012), respectively. The blue arrows denote the
orientations of the σ3 axis of the static stress change caused by the earth-
quake. Static stress change is estimated at a depth of 10 km. The open tri-
angles indicate quaternary volcanoes.
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2016), the 2008 M7.2 Iwate-Miyagi Nairiku earthquake (Okada et al., 2012; Yoshida et al., 2014), and the 2011
Sendai-Okura earthquake swarm (Yoshida & Hasegawa, 2018) in central Tohoku.
Thus, the Yamagata-Fukushima border earthquake swarm has several distinct characteristics, whichmay help
deepen our understanding of the generation mechanism of earthquakes and the cause of the diversity in the
seismicity patterns. In the present study, we investigate the hypocenter distribution, hypocenter migration,
and seismicity pattern change of this swarm in detail. Numerous earthquakes were detected and located
by JMA. Focal mechanisms, stress orientations, frictional strengths, stress drops, and b-values have been esti-
mated in details in our previous studies (Yoshida, Hasegawa, & Yoshida, 2016; Yoshida et al., 2017). The focal
area is well covered by permanent seismic stations deployed by Tohoku University, JMA, and NIED Hi-net and
F-net (Figure 1). By using waveform data obtained by these stations, we were able to precisely relocate the
hypocenters of events and investigate hypocenter migrations and seismicity pattern changes.
2. Hypocenter Relocation
We relocated the hypocenters of 28,214 events listed in the JMA catalogue in the focal area of the Yamagata-
Fukushima border earthquake swarm. The data period covers 11 March 2011 to 19 May 2013, which are the
ﬁrst 800 days after the 2011 Tohoku-Oki earthquake. The double-difference earthquake relocation method
(Waldhauser & Ellsworth, 2000) was applied to arrival time data in the JMA uniﬁed catalogue and to differen-
tial arrival time data obtained by waveform cross correlations.
The number of differential arrival time data derived from the JMA uniﬁed catalogue is 1,174,696 for P waves
and 1,045,280 for S waves. The number of differential arrival time data for P and S waves derived from wave-
form cross-correlation delay measurements is 73,669,417 and 42,916,605, respectively. For the waveform
correlation measurements, we collected waveform data obtained at nine stations close to the source area
(green inverse triangles in Figure 1a), applied a band-pass ﬁlter of between 5 and 10 Hz, and computed
the cross-correlation function for all the event pairs whose horizontal distances were less than 3.0 km. We
adopted the differential arrival times if the cross-correlation coefﬁcient was higher than 0.85. We initially mea-
sured the timing of the correlation peak to the nearest sample (0.01 s) and then reﬁned the timing and height
of the peak by performing a simple quadratic interpolation as done by Shelly, Hill, et al. (2013). Durations of
2.5 and 4.0 s were adopted for the P and S wave windows, respectively, starting at 0.3 s before their onsets.
The P wave window was truncated to avoid overlapping with the S wave window when the S-P times were
Figure 2. Maps showing the distributions of (a) the original hypocenters listed in the JMA uniﬁed catalogue and (b) the relocated hypocenters in this study. The
occurrence time of each earthquake is shown by the color scale.
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less than 2.5 s. Manually picked arrival time data listed in the JMA uniﬁed catalogue were used if available;
otherwise, we used theoretical arrival times computed by assuming the same velocity model as used in
the JMA uniﬁed catalogue.
For the application of the double-difference location method (Waldhauser & Ellsworth, 2000) to the differen-
tial arrival time data obtained above, we used the 1-D velocity model of Hasegawa et al. (1978), which is used
routinely at Tohoku University for determining hypocenter locations and focal mechanisms for events in NE
Japan. Hypocenters were updated during 50 iterations. In the ﬁrst half of the iterations, we weighted the
catalogue data 10 times stronger than the cross-correlation-derived data to constrain the relative locations
at a larger scale (>1 km). In the latter half of the iterations, we weighted the cross-correlation-derived data
50 times stronger than the catalogue data to delineate shorter-scale (<1 km) structures. The residual of
the differential arrival times decreased from 101 to 22 ms during the series of iterations.
3. Results
3.1. Hypocenter Distribution, Focal Mechanisms, and Hypocenter Migration
Distributions of the relocated hypocenters are shown in Figure 2b in map view and in Figure 4 in cross-
sectional view. Those of the original JMA locations are shown in Figures 2a and 3, respectively. We can see
that the relocated hypocenters are distributed on several thin planes (Figure 4), while the original JMA hypo-
centers are scattered and show a cloud-like distribution (Figure 3). Such a remarkable change in the hypocen-
ter distribution, from a seismicity cloud to several thin planar structures, is very similar to that observed in the
Sendai-Okura earthquake swarm in the central part of NE Japan, which was also triggered by the 2011
Tohoku-Oki earthquake (Yoshida & Hasegawa, 2018). We can attribute the large difference in the spatial
distribution between the initial JMA hypocenters and the relocated hypocenters to the difference in the time
resolution of arrival time picking.
Figure 3. Distribution of the original hypocenters listed in the JMA uniﬁed catalogue. Blue dots represent the hypocenters. The 36 ﬁgures show across-fault vertical
cross-sections along the lines shown in Figure 2.
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Events in the swarm can be divided into four groups from the location of the hypocenters: northern, central,
western, and southern clusters. Several macroscopic west dipping alignments of hypocenters (A–G in
Figure 4) are evident in the northern cluster. Fault structures seem to become smaller scale and more com-
plicated in the south (H–j) than in the north (A–G). A magniﬁed view of the western cluster is shown in
Figure 5. We can see that even this smallest cluster consists of several sharp alignments of hypocenters
(Figure 5b). Focal mechanisms determined by Yoshida, Hasegawa, and Yoshida, (2016) are shown in
Figure 6. Their west dipping nodal planes are parallel to the alignments of the hypocenters (Figure 6a),
which suggests that the ruptures of these individual earthquakes occurred along those macroscopic planes.
This observation is similar to that observed in the Sendai-Okura earthquake swarm (Yoshida & Hasegawa,
2018) but is more evident in the present swarm. Magniﬁed views of the other three clusters are shown in
Figures 7–9. Videos S1–S4 show animations of the spatial progression of the swarm in the four clusters.
Distributions of their focal mechanisms are shown in Figures S2–S4. In these clusters, the hypocenter distri-
butions exhibit slightly more complicated structures but still show similar tendencies to the western cluster.
Namely, they tend to occur along the macroscopic planes, and most of events have nodal planes of focal
mechanisms parallel to those macroscopic planes.
Hypocenters moved along the planes that were delineated by the precise hypocenter relocations. They
moved from deeper to shallower levels, as evident in Figure 10, which shows focal depths plotted against
the occurrence time of earthquakes. This hypocenter migration from deeper to shallower levels probably
reﬂects the rise of ﬂuids, suggesting that the present earthquake swarm was caused by a reduction in
frictional strength due to ﬂuids rising from the deep crust in response to the decrease of the WNW-ESE
compressional stress generated by the 2011 Tohoku-Oki earthquake (Yoshida, Hasegawa, & Yoshida, 2016).
In the southern cluster, hypocenters migrated not only to shallower levels but also to deeper levels. Such
downward hypocenter migrations have previously been reported by other studies on swarm earthquake
activity due to ﬂuid movement (Shelly, Hill, et al., 2013) and controlled induced seismicity (Ake et al., 2005).
The groundwater ﬂows in response to pressure differences (e.g., Jaeger et al., 2007). Such downward
Figure 4. Distribution of the hypocenters relocated in this study. Others are the same as in Figure 3.
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hypocenter migrations suggest that pore pressure and permeability are strongly heterogeneous in the
source region of swarm activity, as suggested by Sibson (1996).
The spatiotemporal evolutions of the hypocenters along ﬁve discernible fault planes in the western cluster
are shown in Figure 11. The ﬁgure clearly shows that the hypocenters migrate from deeper to shallower levels
along each plane. The present observation that the hypocenters moved along the individual planes suggests
that ﬂuids tend to migrate along planes rather than diffuse in three-dimensional space; this is likely because
the permeability is much higher along those preexisting planar structures. We suggest that ﬂuids rising from
below following the 2011 Tohoku-Oki earthquake permeated into several thin, preexisting planes, reduced
their frictional strengths, activated the earthquake swarm, and caused the migration behavior of hypocenters
along the planes accompanied by pore pressure diffusion.
Figure 5. Spatiotemporal evolution of the hypocenters in the western cluster. (a) Map view. (b and c) Cross-sectional views along lines b and c in Figure 5a, respec-
tively. The occurrence time of each earthquake is shown by the color scale.
Figure 6. Comparison between the relocated hypocenters and focal mechanisms. Focal mechanisms are shown by “beach balls” in the right ﬁgure, and, in the left
ﬁgure, west dipping nodal planes of focal mechanisms are shown by bars on a vertical cross section along Figure 5’s line b. The red, green, and blue beach balls
denote thrust, strike-slip, and normal fault types of focal mechanisms whose plunges of the T, P, and B axes were greater than 45°, respectively. Focal mechanisms are
those determined by Yoshida, Hasegawa, & Yoshida, (2016).
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Figure S5 shows the distance of the hypocenter of each earthquake from the mean location of the ﬁrst ﬁve
events plotted against time for the four clusters. In the ﬁgure, the pore pressure front is also plotted, based on
a ﬂuid diffusion model obtained using the following equation (Shapiro et al., 1997):
r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4πDt
p
(1)
where r is the distance from the point of pressure source, t is time, and D is hydraulic diffusivity. Envelopes of
the hypocenter front of the four clusters can be roughly explained by the ﬂuid diffusion model, with hydraulic
diffusivities of 0.2–5.0 m2/s. This range of hydraulic diffusivity falls within the typical range of 0.1–10 m2/s
(Talwani et al., 2007) obtained by the migration velocities of hypocenters for more than 90 cases of induced
seismicity. Hydraulic diffusivities estimated in the source regions of the migrating swarms tend to coincide
with this range (Hainzl & Ogata, 2005; Hill & Prejean, 2005; Parotidis et al., 2003, 2005; Shelly, Hill, et al.,
2013; Shelly, Moran, et al., 2013; Yukutake et al., 2011), although some do show smaller values (<0.1 m2/s;
Chen et al., 2012; Kosuga, 2014; Okada et al., 2015; Yoshida & Hasegawa, 2018).
The observed migration velocity for the present swarm, however, largely varies with time and, hence, with
location. The migrating velocity is much higher in the ﬁrst ~50 days, and a hydraulic diffusivity of
>1–5 m2/s is required to explain this velocity. In fact, the synthetic envelope curve is strongly affected by
the incident angle of the pore pressure front. Lower values of hydraulic diffusivity can explain the rapid move-
ment of the hypocenters, if we assume that the ﬂuid pressure source is a few kilometers beneath the focal
region and the diffusion started a few tens of days before the initiation of the seismicity. However, since this
swarm activity started within a week after the 2011 Tohoku-Oki earthquake, a high value of the hydraulic
diffusivity (>a fewm2/s) is necessary to explain the observed hypocenter migration during this period. This per-
iod corresponds to that with very high pore pressure and high seismicity (Yoshida, Hasegawa, & Yoshida, 2016).
On the other hand, a hydraulic diffusivity of <0.5 m2/s almost explains the observed migration velocity in the
Figure 7. Spatial evolution of hypocenters in the central cluster in (a) map view and (b) to (i) cross-sectional views along lines b to i. The occurrence time of each
earthquake is shown by the color scale.
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period after ~100 days. The hydraulic diffusivity in this period is relatively small compared to the values
identiﬁed in previous studies (Shelly, Hill, et al., 2013; Shelly, Moran, et al., 2013; Yukutake et al., 2011), but it
is similar to those values observed in the source regions of other migrating swarms triggered after the 2011
Tohoku-Oki earthquake (Kosuga , 2014; Okada et al., 2015; Yoshida & Hasegawa, 2018).
Precise hypocenter determinations in the present study revealed that many earthquakes shared the same fault
planes. Yoshida et al. (2017) obtained 1–5 MPa of stress drops for events in this swarm activity, based on the
circular crack model proposed by Sato and Hirasawa (1973). In Figure 11, the fault size of each earthquake is
represented by the circle diameter, assuming 10 MPa of stress drop. In many cases, faults of individual
Figure 8. Spatial evolution of the hypocenters in the northern cluster. Others are the same as in Figure 7.
Figure 9. Spatial evolution of the hypocenters in the southern cluster. Others are the same as in Figure 7.
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earthquakes overlap each other, even if we assume higher values of stress drop or, more speciﬁcally, a shorter
fault size length. Some of these earthquakesmight have caused repeated slips at the same location on the same
fault, which can be explained by repeated increases in pore pressure from rising ﬂuids and/or repeated increases
in shear stress by aseismic slip (e.g., Lengliné et al., 2014). The interaction between the earthquakes also
Figure 10. Depth-time plots of the hypocenters of events in the four clusters of the Yamagata-Fukushima border earthquake swarm.
Figure 11. Maps and cross-sectional views showing hypocenter migration along ﬁve discrete planes in the western cluster. Hypocenters are shown separately on the
ﬁve discrete planes from (a), (b), (c), (d), and (e) in map view and on the corresponding planes from (f), (g), (h), (i), and (j) in cross-sectional view along line b in
Figure 5a. The color scale shows the sequence of earthquake occurrence ordered by time. The sizes of the circles correspond to the fault diameter, assuming a stress
drop of 10 MPa. The gray circles show the hypocenters of other earthquakes.
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facilitates earthquake occurrence and hypocenter migration. As an
example, we show static stress changes caused by the accumulated slips
on the ﬁve planes in the western cluster in Figure S6. Although earth-
quakes in the present swarm tend to be small, they increase the shear
stress around the area that slipped due to the previous earthquakes,
which can trigger nearby aftershocks (e.g., Nandan et al., 2016). The
relative importance of the earthquake interactions for the swarm activ-
ity increased with time, since pore pressure gradually decreased with
time as estimated by Yoshida, Hasegawa, & Yoshida, (2016); this might
affect the seismicity pattern, as discussed in the next subsection.
3.2. Seismicity Pattern Change
The earthquake occurrence rate and the spatiotemporal distribution
of hypocenters (Figures 10 and S1) suggest that the behavior of the
present seismicity seems to differ between two periods: (a) before
and (b) after ~50 days from the 2011 Tohoku-Oki earthquake.
During period (b), earthquakes tend to occur highly clustered in time,
which is visible as many streaks in Figures 10 and S1b that are referred
to as bursts. In contrast, during period (a), earthquakes are closely
clustered not only in time but also in space, and they do not show
streaks. The earthquake occurrence rate is quite high in this period.
To see the differences in the behavior of seismicity from the viewpoint
of the classiﬁcation of the mainshock-aftershock type or swarm earth-
quake type, we compared time decays of aftershocks between the
two periods. Following the method of Hainzl and Fischer (2002), we
consider each earthquake to be a “master shock” if it is the largest
event in the time interval (t  Tm, t + Tm). For each master shock, all earthquakes occurring within (t,
t + Tm) are considered to be aftershocks, whereas events within (t  Tm, t) are considered to be foreshocks.
The length of the interval is set to Tm = 200 (min) for the following calculations. Events with magnitudes>2.5
were adopted as master shocks. Figures 12a and 12b show the stacked timing of aftershock and foreshock
occurrences with magnitudes >2.0, which corresponds to the completeness magnitude (Yoshida et al.,
2017) during periods (a) and (b), respectively. The results are strikingly different between the two periods.
A clear aftershock decay is visible for period (b), and the aftershock number decays following the Omori
law (Utsu et al., 1995). In contrast, Omori-like aftershock decay is almost completely obscured in period (a).
Bachmann et al. (2011), who analyzed the induced seismicity of the Basel 2006 earthquake sequence, reported
that the decay of seismicity can be readily expressed by the Omori law of aftershock decay once the injection
stopped. Similarly, our observation might reﬂect temporal variations in pore pressure.
To observe the temporal change in seismicity patterns, we deﬁned Raf as the number of aftershocks normal-
ized by that of all the events during the period. We use Raf as an indication of a seismicity pattern; it approaches
~0.5 when the Omori-like decay is completely obscured (swarm-like), whereas it tends to be higher when the
Omori-like decay is more evident (aftershock-like). For example, Raf is 0.5 for period (a) and 0.8 for period (b).
We divided the entire period into 15 time intervals with the same time lengths and plotted them against time
in Figure 12c. Calculated Raf values are shown in the ﬁgure if the number of events is more than 60. The ﬁgure
clearly shows that Raf gradually increases with time from 0.5 to 0.8, which suggests that the swarm-like seismi-
city pattern gradually changed to the mainshock-aftershock-like seismicity pattern. The change occurred gra-
dually, rather than abruptly, starting from ~50 days after the 2011 Tohoku-Oki earthquake.
If we assume that the Omori-like decay of aftershocks is caused by the effect of stress triggering, seismicity
that does not follow the Omori-like decay could be interpreted as caused by external aseismic processes
(e.g., Hainzl & Ogata, 2005). Yoshida, Hasegawa, & Yoshida, (2016) estimated from the temporal change in
the diversity of earthquake focal mechanisms that pore pressure in the source area increased at ﬁrst and
decreased gradually during the swarm activity due to ﬂuid diffusion. Decreasing pore pressure increases
the relative role of stress triggering, which might be responsible for the gradual change in seismicity pattern
from the swarm-like to the mainshock-aftershock-like pattern. We suggest that pore pressure changes, which
Figure 12. Temporal variations in the seismicity pattern in the source region of
the Yamagata-Fukushima border swarm. The stacked timings of aftershocks and
foreshocks with magnitudes >2.0 are shown for periods (a) before and (b) after
~50 days from the 2011 Tohoku-Oki earthquake. (c) Temporal variations in the
number of aftershocks normalized by that of all the events during that period.
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caused this swarm activity, affect not only frictional strengths, stress
drops, and b-values, as suggested by Yoshida, Hasegawa, and Yoshida
(2016), Yoshida et al. (2017), but also the seismicity pattern itself.
4. Discussion
4.1. Frictional Strength, Stress Drop, and Earthquake
Size Distribution
The Yamagata-Fukushima border earthquake swarm is the largest
among the migrating earthquake swarms that were triggered in the
stress shadow of the 2011 M9 Tohoku-Oki earthquake. This swarm
has several distinct characteristics, such as the time delay of the initia-
tion from the Tohoku-Oki earthquake. Detailed investigations of this
swarm might provide important insights into the response of seismic
behavior under varying pore pressure, that is, frictional strength. Our
previous studies found that the diversity of focal mechanisms
(Yoshida, Hasegawa, & Yoshida, 2016), stress drops, and b-values
(Yoshida et al., 2017) varied with time, probably due to the changes
in frictional strengths by the pore pressure variation (Figures 13a,
13c, and 13d). In this study, we further found that (1) hypocenter
migration occurs along several planes from deeper to shallower levels
and (2) the seismicity pattern changes with time from swarm-like to
mainshock-aftershock-like sequences.
The spatial distributions of occurrence times, stress drops, and
b-values are shown in Figures 14 and 15, based on the presently relo-
cated hypocenters. The stress drops are those determined by Yoshida
et al. (2017). The b-values were obtained at the location of each M> 2
event by the maximum likelihood method based on the JMA magni-
tude, using all the data located within 2 km from the event if there
were fewer than 300 events. Otherwise, the 300 events closest to
the target event were used. If there were fewer than 100 events, the
b-value at that location was not determined. The cutoff magnitude
was set at 2.0. We can see a similar pattern of spatial variation among
occurrence times, stress drops, and b-values, which reﬂects the
temporal variation in stress drops and b-values (Figures 13c and
13d) due to hypocenter migration.
Yoshida et al. (2017) suggested that the magnitude of the stress drop reﬂects the frictional strength, on the
basis of the observed correlation between the two (Figure 13 in Yoshida et al., 2017). In fact, previous studies
reported negative correlations between earthquake stress drops and pore pressure (i.e., positive correlations
between stress drops and frictional strengths) based on observations of ﬂuid-injection-induced-seismicity
(Goertz-Allmann et al., 2011; Kwiatek et al., 2014; Staszek et al., 2017). Negative correlations between b-values
and differential stress were also suggested on the basis of rock experiments and theoretical considerations
(Scholz, 1968). Moreover, previous studies found a clear correlation between b-values and pore pressure
by investigating ﬂuid-injection-induced-seismicity (Bachmann et al., 2011, 2012; Wyss, 1973). If both the
stress drop and b-value reﬂect the fault strength, then the stress drop and b-value should be related. Thus,
we plotted the estimated stress drops against b-values in the Yamagata-Fukushima border earthquake
swarm. These are shown by black symbols in Figure 16. As expected, we can recognize a clear negative
correlation between the stress drop and b-value (Figure 16).
Such a negative correlation would be obtained if the stress drop is magnitude-dependent, and larger events
tend to have higher stress drops than do smaller events (Wyss, 1973). We veriﬁed this effect as follows.
Estimated stress drops (Yoshida et al., 2017) are plotted against magnitudes (JMA magnitude) and are shown
in Figure S7a. The ﬁgure shows that stress drops have a notable positive correlation with the JMAmagnitude.
This correlation perhaps comes mainly from the determination method of the JMA magnitude; it is
Figure 13. Temporal variations in (a) frictional strength, (b) background seismicity
rate, (c) stress drop, and (d) b-value. The horizontal lines show the time periods
fromwhich data were taken for computation of the corresponding values. Data for
frictional strengths are from Yoshida, Hasegawa, and Yoshida (2016), and those for
stress drops and b-values are from Yoshida et al. (2017).
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determined by the seismic moment but is also affected by the predominant frequency. The correlation is
largely reduced if we use the moment magnitude determined by the ﬂat level of the displacement source
spectra (Figure S7b; Yoshida et al., 2017). The empirical relationship between the stress drop and the JMA
magnitude (Figure S7a) is used for removing the effect of the magnitude dependency of stress drops. The
correction term for each JMA magnitude is computed as the difference between the mean stress drop at
the target magnitude and that of the reference magnitude (MJMA of 2.5 was chosen). Then, the corrected
Figure 14. Map views showing (a) occurrence time, (b) stress drops, and (c) b-values. Occurrence time, stress drops, and b-values are shown at the locations of the
hypocenters by color scale in each map. The data for the stress drops are from Yoshida et al. (2017).
Figure 15. Cross-sectional views showing (a) occurrence time, (b) stress drops, and (c) b-values. Occurrence time, stress drops, and b-values are shown by color scale
at the locations of the hypocenters on the vertical cross sections along W1-W2, C1-C2, N1-N2, and S1-S2 in Figure 14. Others are the same as in Figure 14.
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value of the stress drop for each earthquake is computed by subtracting
the correction term from the observed stress drop. Stress drops thus
corrected for the effect of magnitude dependency are plotted against
b-values by blue pluses in Figure 16. We can still see a clear negative
correlation between the stress drop and b-value. This indicates that the
negative correlation between the stress drop and b-value truly exists,
regardless of the magnitude dependency of the stress drop. This can also
be clearly seen from Figure S8, in which the estimated moment for each
event is plotted as a function of corner frequency (Yoshida et al., 2017).
We can see that the average value of the stress drops for events for the ﬁrst
50 days (green symbols) are evidently smaller than those for events after
50 days (black symbols).
4.2. Temporal Variation in the Seismicity Pattern
In section 3.2, we suggested the possibility that the observed temporal
change in the seismicity pattern was caused by changes in pore pressure
due to ﬂuid diffusion. The temporal change in frictional strength, which
has an inverse relationship with pore pressure, was independently esti-
mated based on the diversity of focal mechanisms of the events in this
swarm (Yoshida, Hasegawa, & Yoshida, 2016; Figure 13a). The frictional
strength was at its lowest in the beginning and gradually increased with
time. This temporal pattern can be explained by the very high pore pres-
sure in the beginning and its gradual decrease during the ﬂuid diffusion.
In this section, we examine the correlation between the background seis-
micity rate and independently determined changes in frictional strength. We applied the epidemic-type
aftershock sequence (ETAS; Ogata, 1988) to the earthquake catalogue in order to estimate the temporal
change in the background seismicity rate by removing the effect of internal stress triggering.
Several researchers have assumed a correlation between seismicity rate and aseismic processes, including
the pore pressure change. For example, Nur and Booker (1972) assumed a proportional relationship between
seismicity rate and pore pressure change in their discussion of the effect of pore pressure change on after-
shock occurrences. In fact, ﬂuid-injection-induced seismicity rate is proportional to the pressure perturbation
in ﬂuids ﬁlling the pore space in rocks (Shapiro et al., 2005; Shapiro & Dinske, 2009). The ETAS model has been
used to extract information on aseismic processes, including the pore pressure change, from seismicity rate
(Hainzl & Ogata, 2005; Llenos et al., 2009; Llenos & Michael, 2013; Roland & McGuire, 2009). The ETAS model
assumes the seismicity rate to be a summation of the background rate of independent events λ0 and after-
shocks triggered by each event λi(t):
λ tð Þ ¼ λ0 þ
X
i:ti<t
λi tð Þ: (2)
Each earthquake can trigger its own aftershock sequence following the modiﬁed Omori law (Utsu
et al., 1995):
λi tð Þ ¼ K0
c þ t  tið Þp e
α MiMminð Þ; (3)
where ti is the occurrence time, Mi is the magnitude of each event i that occurred prior to time t, and Mmin is
the magnitude of completeness of the earthquake catalogue; K0, c, and p are constants, and t is the elapsed
time since the main event. The background seismicity rate term λ0 generally accounts for the effect of
tectonic loading but also includes the contribution of external forces, including aseismic processes.
Previous studies, which examined the seismicity rate change in response to external forces, focus on the
temporal change in the background seismicity rate. Hainzl and Ogata (2005) examined the temporal variation
in the background seismicity rate of the 2000 Vogtland/NW Bohemia earthquake swarm by removing the
effect of internal stress triggering using the ETAS model. They suggested that the temporal changes in the
background seismicity rate thus detected reﬂected pore pressure changes, based on a physical simulation.
Figure 16. Relationship between stress drops and b-values in the Yamagata-
Fukushima border earthquake swarm. The individual values are plotted as
gray dots. The median stress drop and b-value are shown by a black plus sign
for each bin. The blue plus signs show results for corrected stress drops. The
95% conﬁdence intervals are indicated by vertical bars, and b-values were
equally divided into 20 bins according to the stress drop. Each bin has the
same number of data points.
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Bachmann et al. (2011) introduced a term proportional to the ﬂuid ﬂow rate in the ETAS model, based on the
results of induced seismicity by ﬂuid injection (Shapiro & Dinske, 2009), for the purpose of predicting seismi-
city rate. Llenos et al. (2009) analyzed seismicity data, which was thought to be affected by aseismic slip,
based on the ETAS model. The aseismic slip was independently detected by geodetic observations
(Lohman & McGuire, 2007), and Llenos et al. (2009) found that the background seismicity rate changes in
response to the stress change were caused by the aseismic slip.
In the present study, we applied the ETAS model by dividing the entire period into several intervals in order to
consider the effects of temporal variation in the background seismicity rate. The data set was divided into 14
intervals according to the occurrence times of the earthquakes. Each interval contained the same number
(170) of earthquakes. The results suggest that thismodel almost explains the observed seismicity rate (red curve
in Figure S9). Temporal variation in the background seismicity rate is shown by the red curve in Figure 13b. The
background seismicity rates showed the highest values in the beginning and gradually decreased with time.
This temporal pattern is very consistent with that of frictional strength (Figure 13a), suggesting that seismicity
rate and seismicity pattern in the present swarm are affected mainly by changes in pore pressure.
These observations suggest the possibility that information on the evolution of stress and fault strength,
which could not be directly estimated from seismological or geodetic data, can be extracted from detailed
analyses of seismicity.
4.3. Triggering Mechanism of Migrating Swarms in the Stress Shadow
The Tohoku-Oki earthquake triggered widespread seismicity throughout Japan (e.g., Hirose et al., 2011; Toda
et al., 2011). This provides a unique opportunity to study the generation mechanism of aftershocks. The focal
mechanisms of most of these events triggered by the Tohoku-Oki earthquake are readily explained by the
static stress change caused by the mainshock (e.g., Asano et al., 2011; Chiba et al., 2013; Hasegawa et al.,
2011, 2012; Hasegawa & Yoshida, 2015; Nakajima et al., 2013; Yoshida et al., 2012). In contrast, in central
Tohoku, NE Japan, the Tohoku-Oki earthquake decreased the EW or ESE-WNW compressional stress, which
had prevailed before the Tohoku-Oki earthquake (e.g., Hasegawa et al., 1994; Terakawa & Matsu’ura, 2010;
Yoshida et al., 2012, 2015), and the seismicity rate decreased (Suzuki et al., 2014). Nevertheless, the
Tohoku-Oki earthquake also triggered some earthquake swarms, such as the Yamagata-Fukushima border
swarm, even in central Tohoku (Figure S9), regardless of the reduction in the Coulomb stress (Terakawa
et al., 2013; Yoshida et al., 2017, 2012; Yoshida, Hasegawa, & Yoshida, 2016). Those swarms all show a distinct
migration behavior of the hypocenters, as summarized by Okada et al. (2015), suggesting the involvement of
ﬂuids in the sudden occurrences of seismicity in central Tohoku. The present study revealed that events in the
Yamagata-Fukushima border earthquake swarm occurred along several macroscopic planes instead of
scattering isotropically, and the hypocenters migrated along those planes from deeper to shallower levels.
This observation is very similar to that in the Sendai-Okura earthquake swarm (Yoshida & Hasegawa, 2018),
which is another migrating swarm triggered in the stress shadow of the Tohoku-Oki earthquake (Figure S2).
Indeed, the Sendai-Okura swarm is considered to be a small version of the Yamagata-Fukushima border
swarm. Both the Yamagata-Fukushima border swarm and the Sendai-Okura swarm, which are characterized
by reverse-fault focal mechanisms with the P axis oriented EW or WNW-fESE according to the F-fnet moment
tensor catalog (Fukuyama et al., 1998; Fukuyama & Dreger, 2003) occurred along geological boundaries
(Figure S10), and the caldera structures exist in and around their source regions (Sato et al., 2002; Yoshida,
Hasegawa, & Yoshida, 2016). This suggests that the fault-fracture network had been developed by repeated
ﬂuid passages under the conditions of structural heterogeneity (Hill, 1977; Sibson, 1996) before the occur-
rence of the present earthquake swarm.
We suggest that all the swarms in central Tohoku, the stress shadow of the Tohoku-Oki earthquake, were
caused by the upward movement of ﬂuids facilitated by the decrease in EW or ESE-WNW compressional
stress due to the Tohoku-Oki earthquake. Breaking of low-permeability seals due to the ground shaking
might have helped ﬂuid move to the shallower levels. The ﬂuids permeated into several preexisting planes,
reduced the frictional strengths, and satisﬁed the failure criteria, causing the earthquake swarms despite the
reduction in the Coulomb stress. The ﬂuids probably further migrated upward along the planes, which man-
ifested as the hypocenters migrating along the planes. Also, interactions between earthquakes and possible
slow slips might facilitate earthquake occurrences and hypocenter migrations along preexisting faults.
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The temporal evolution of pore pressure due to the migrating ﬂuids not only caused the hypocenter migra-
tion but also affected the diversity of the focal mechanisms (Yoshida, Hasegawa, & Yoshida, 2016), the stress
drops of individual earthquakes, and the earthquake size distribution (Yoshida et al., 2017), as summarized in
Figure 13. These observations are very similar to the temporal changes observed in ﬂuid-injection-
experiments (e.g., Bachmann et al., 2011, 2012; Kwiatek et al., 2014; Martínez-Garzón et al., 2014; Staszek
et al., 2017), suggesting that the generation mechanism of the Yamagata-Fukushima border swarm is essen-
tially similar to the ﬂuid-injection-induced seismicity. This similarity supports the hypothesis that those
swarms that occurred in the stress shadow were triggered by the migration of ﬂuids. We attribute these three
independent observations to the upward movement of ﬂuid along preexisting planes due to the decrease in
E-W or ESE-WNW compressional stress caused by the Tohoku-Oki earthquake. Since the overpressure ﬂuid
source is not inﬁnite, increased pore pressure should gradually decrease as the diffusion proceeds. The pre-
sent observations (Figure 13) suggest that the pore ﬂuid pressure was high enough to activate less favorably
oriented fault planes and cause anomalously large b-values for the initial 50 days. Although not so high com-
pared with the initial 50 days, the seismicity is still high, and the hypocenter migration continues even after
50 days. This is because the ﬂuid movement continued, but the degree of excess pore ﬂuid pressure
decreased for the period after 50 days to a level at which only favorably oriented fault planes were activated
and b-values were not very large.
In general, pore pressure changes accompanied by the occurrence of a large earthquake combined with
permeability anisotropy (e.g., Sibson, 1992) have the potential to trigger an aftershock sequence (Nur &
Booker, 1972). Such ﬂuid-triggered aftershocks could also occur when a future megathrust earthquake takes
place. Detailed knowledge about the spatiotemporal evolution of pore pressure as well as stress is essential
to predict aftershock occurrences.
5. Conclusions
We investigated the spatiotemporal distribution of hypocenters and the temporal changes in seismicity pat-
terns in the source area of the Yamagata-Fukushima border earthquake swarm. We ﬁrst relocated the hypo-
centers of 28,214 earthquakes in the swarm using the double-difference hypocenter location technique
(Waldhauser & Ellsworth, 2000). Precise differential arrival time data were obtained by waveform cross-
correlations. As a result, the accuracy of the hypocenter locations signiﬁcantly improved. The hypocenters
showed a cloud-like distribution before the relocation, whereas they are distributed on several planar struc-
tures after the relocation. The hypocenters migrate along these several planes, instead of diffusing isotropi-
cally, from deeper to shallower levels. Most of the events have nodal planes of focal mechanisms parallel to
these macroscopic alignments of hypocenters, suggesting that slips of individual earthquakes are caused
using sections of these macroscopic planes.
The seismicity patterns changed with time during the swarm activity. The timing of the earthquake occur-
rences was almost random during the initial period, but it gradually exhibited a temporally clustered nature,
developing aftershock-like decay of seismicity in the later periods. The background seismicity rate, deter-
mined by ETAS ﬁtting, showed the highest values in the initial period and gradually decreased with time.
This temporal pattern of the background seismicity rate coincides well with that of frictional strengths pre-
viously obtained, suggesting that the seismicity rate and seismicity pattern in the present swarm are affected
mainly by variations in pore pressure.
We suggest that the present earthquake swarm was triggered by the decrease in frictional strength caused
by ﬂuids rising from deeper levels due to the E-W extension produced by the 2011 Tohoku-Oki earthquake.
The ﬂuids permeated into several preexisting planes, reduced their frictional strengths, caused the earth-
quake swarm, and migrated upward with the hypocenters. During this process, the seismicity, diversity of
the focal mechanisms (Yoshida, Hasegawa, & Yoshida, 2016), stress drops, and b-values (Yoshida et al.,
2017) were all affected by the evolution of pore pressure due to the migrating ﬂuids. These observations
are very similar to those observed in ﬂuid-injection-experiments (e.g., Bachmann et al., 2011, 2012; Kwiatek
et al., 2014; Martínez-Garzón et al., 2014; Staszek et al., 2017), suggesting that the generation mechanism
of the present earthquake swarm is essentially similar to ﬂuid-injection-induced seismicity. This similarity sup-
ports the hypothesis that the present swarm was triggered by the migration of ﬂuids. The present
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observations show that information on the evolution of stress and frictional strength can be extracted from
detailed analyses of seismicity and source parameters of individual earthquakes.
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